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ABSTRACT

This is the last of a series of reports describing an experimental study
of the critical factors and mechanisms involved in achieving high-emission-
density cathodes capable of long life and reliable operation in electron tubes.
Detailed results of the work of the last reporting period of this investigation
are included herein, along with a review of the more significant develop-
ments of the entire two-year program. All of the objectives of the program
have essentially been met, and in some cases exceeded, resulting in a tung-
state cathode which represents an advance in the state of the art for high
current density emitters., Reliability and reproducibility were demonstrated
by consecutively fabricating and life testing eighteen cathodes. No rejects
or deviations were encountered, and initial characteristics were uniform fer
the entire group.

The tungstate cathode is unique in that it can supply higher continuous
emission currents over longer periods cf time than any other known cathode
system. Such performance was substantiated by extensive life testing in
diode tubes during the program. This investigation also has led tc the
development of generally optimum composition and processing procedures
(see Appendix A). The tungstate cathode upon which the bulk of the work
was placed is a metal-matrix unit containing porous tungsten as the matrix,
Distributed uniformly throughout the matrix in specific proportions are a
barium-stronium-tungstate compound corresponding to the formula BaSSr
(W06)2, and zirconium. After processing, a surface film of barium
zirconate was identified.

In addition to life testing of the standard-composition cathode, as de-
fined in Appendix A, studies were made of other compositions including those
containing greater zirconium content. During the last reporting period,
eighteen new cathodes, all containing extra zirconium, were started on life
test under widely differing emission densities and temperatures. The in-
creased zirconium appears to have stabilized the very low temperature
operation, and six cathodes are now beyond the 2, 000-hour point with no
downward deviations in emission levels.

An analysis of two tungstate cathodes, one of which had completed life
test, and the other a new and unactivated cathode, was made of electron
diffraction, electron microprobe, electron microscopy, and x-ray diffrac-
tion to gain an insight into the emission mechanisms of the barium-strontium-
tungstate cathodes. Structural and chemical changes that occur with life
were identified.




\u

A review of the resistance to poisoning by various gases and metal
vapor deposits on tungstate cathodes was completed.

Sublimation rates for tungstate cathodes were reviewed and compared
to the rates of other cathode systems.

Noise properties of the tungstate cathode were determined. The noise
properties of a standard barium oxide-on-nickel emitter, and a cornmercially
available barium-aluminate cathode, were evaluated on the same equipment
for purposes of comparison.

The emitting characteristics of tungstate cathodes were studied with
an emission microscope. The existence of local areas of high emissien
density dispersed through other areas of low activity was verified at typical
operating levels in a diode containing a dissecting arode apertere and an
auxiliary current probe,

11
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FOREWORD

This research and development program was directed toward an
experimental study of high current density cathodes for long life and re-
liable operation in electron tubes. Sponsored by the U.S. Army Elec-
tronics Command under Contract DA 28-043 AMC-02289(E), the work
was conducted under the technical guidance of the USAECOM Electron
Tubes Division, Techniques Branch, and followed Technical Guidelines
TT-29A dated 19 November 1965.
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REPORT

INTRODUCTION

This final report includes a review of the salient results of the entire
program, in addition to the more detailed results of the work performed
since the publication of Tri-annual Report No. 2, dated May 1968.

The technical guidelines for this program cover the requirements for
an experimental study of high emission density cathodes for long life and
reliable operation in electron tubes. The major objective of this research
and development program was a study of the critical factors and mechanisms
involved in achieving reproducible high emission density cathodes for the
following specific applications:

(a) Cathodes with very long life (tens of thousands of hours), low
. g o g .
sublimation rates at temperatures below 600 C, with the objec-
tives of 500°C at a current density of 50 MA /cm?.

(b) Long life cathodes (thousands of hours) for reliable operation
in the 3-10 A‘/cm2 current density range, with low sublimation
rates at the lowest possible temperature,

(c) Cathodes capable of delivering 30 A/cm2 with reproducible life
(hundreds of hours), reasonable sublimation rates and high

reliability,

In addition to the studies concerning cathode composition, preparation and
processing, other tasks include:

(a) Measurement of current density as a function of temperature
and plate voltage, and a derivation of work function,

(b) Measuremment of sublimation rate and products,
(c) Measurement of poisoning by gases and metal vapors.

(d) Measurement of noise.




(e) Electron-beam microscope analyses of the cathode surface.
(f) X-ray emission spectroscopy analysis of optimum cathodes.

(g) Surface characterization in an attempt to determine the emis-
sion mechanisms.

(h) Evaluation of cathode reliability and reproducibility,

LIFE TESTING

The initial characteristics of a cathode can be determined rapidly
after activation and preliminary aging. However, the relationships between
cathode life and its composition, preparation, and processing can only be
derived with assurance by actual life testing. In order to evaluate the
cathode alone, ie., in an environment free from variables introduced by
the test vehicle, it was necessary to first design a life test diode capable of
dissipating high emission currents, and also possessing a high degree of
r :producibility.

Such a diode was developed and subsequently used in all the cathode
life tests, proving to be a very reliable and satisfactory vehicle for the
purpose. Its general construction is shown in Figure 1. Pertinent features
include an all metal-ceramic vacuum enclosure to impart dimensional
stability; a water-cooled copper anode to allow high energy concentration;
and a sapphire viewing window for optically monitoring cathode temperature,
as a cross-check on the temperature determined by means of a platinum,
platinum-rhodium thermocouple attached to the cathode sleeve. A srnall
ion pump served the dual purpose of maintaining the integrity of the vacuum
and monitoring the gas evolution patterns throughout the test.

Previous studies!'? esiabiished the potential of the barium-strontium-
tungstate activated matrix cathode for high emission densities and long life,
In the present program, additional studies were conducted on modifications
of the basic tungstate matrix cathode, including the composition and process-
ing of the cathode materials and life testing in a standardized diode under
various temperatures and current densities. The effects of evaporated
metallic coatings over the cathode emitting surfaces were evaluated, and
various analytical techniques, such as x-ray and emission microscope, elec-
tron diffraction, electron microscope and microprobe analysis were conducted
to characterize the emitting surface and to gain an understarding of the
mechanisms of the cathode.




Figure 1 - Life Test Diode Assembly




From the many cathodes studied, 66 cathodes were chosen as being
worthy of extended life test evaluations. From this number, only 56 cathodes
had accumulated hours on test, with the other ten being lost during diode
assembly, processing, or from vacuum leaks in the diode bodies., Life
characteristics were taken over a wide range of temperatures and current
densities, ranging from 600°C to 11000C, and from 50 milliamperes to 30
amperes per square centimeter, respectively.

Figure 2 is a summary of life versus temperature for standard tungstate
cathodes as measured in close-spaced diodes during the program. These
data were sclected from those cathodes that have reached end of life {a point
arbitrarily chosen as the value where cathode emission has fallen 10 percent
or more from its initial value) due to natural wearout. No included are the
failures induced by other unrelated causes. The solid line on this curve
represents an average of actual accurmulated data, while the dotted portion
is an extrapolation for predicting cathode life at the lower temperature con-
ditions. These results are typical of those encountered in low-voltage diodes,
and should be indicative of life in favorable tube environments. In less favor-
able tube environments, however, life predictions may be significantly altered
by conditions such as excessive ion bombardment resulting from the presence
of residual gases in high-voltage tubes, or the presence of evaporated metallic
coatings caused by electron collection on various tube components. To achieve
the maximum life of any thermionic cathode system -- the tungstate cathode
is no exception -- a non-hostile environment must be provided.

At the close of this final reporting period, a total of 56 cathodes had
been started on life test. Eighteen of these -- numbers HCD-50 through
HCD-67 -- were new cathodes not previously reported. Nine cathodes --
numbers HCD-3, -25, -37, -49, -58, -59, -60, -63, and -65 -- were re-
moved from test, leaving a total of twenty cathodes still operating.

The final eighteen cathodes placed on test, a group having identical com-
position and uniform processing, contained double the amount of zirconium
employed in the standard mix defined in Appendix A, The intention for tkis
group, in addition to determining the effects of the extra zirconium, was to
gain an insight into the spread of emission characteristics and variations in
life that can be expected from repetitive construction of tungstate cathodes.

In preparing this group of cathodes containing double the amount of
zirconium, a different compaction pressure and sintering schedule were found
to be necessary. DLetails for this composition are given in Appendix C. Once
this new schedule was established, all eighteen cathodes -- HCD-50 through
HCD-67 -- were assembled in sequence with no rejects or defects occurring
during processing or testing. The initial characteristics of this group of
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cathodes, as shown by the corresponding emission/temperature data curves
taken from life test diodes, were remarkably uniform.

A summary of the results of all the cathodes that were on life test at
the start of the last reporting period, and of the new cathodes placed on life
during this interval, follows. Associated curves for the final-period cathodes
are also included as Figures 3 through 62. These curves are tabulated on the
next page opposite their corresponding tube designations to facilitate reference.
A comprehensive summary of all life test results up to the close of the final
period is given in Tables I and II. Cathodes having completed test are pre-
sented in Table I on pages 72 and 73, with cathodes currently on test given
in Table II on page 74.

Fig. No. Tube No. Fig. No. . Tube No.

3 HCD-3 (Life Test) 33 HCD-57 (Emission)
4 HCD-4 (Retest) 34 HCD-57 (Emission)
5 HCD-9 (Life Test) 35 HCD-57 (Retest)

6 HCD-17 (Life Test) 36 HCD-57 (Retest)

7 HCD-25 (Life Test) 37 HCD-58 (Life Test)
8 HCD-26 (Life Test) 38 HCD-58 (Emission)
9 HCD-32 (Life Test) 39 HCD-58 (Emission;j
10 HCD-37 (Life Test) 40 HCD-59 (Life Test)
11 HCD-40 (Life Test) 41 HCD-59 (Emission)
12 HCD-47 (Life Test) 42 HCD-59 (Emission)
13 HCD-49 (Life Test) 43 HCD-60 (Life Test)
14 HCD-50 (Life Test) 44 HCD-60 (Emission)
15 HCD-50 (Emission) 45 HCD-60 (Emission)
16 HCD-51 (Life Test) 46 HCD-61 (Life Test)
17 HCD-51 (Emission) 47 HCD-61 (Emission)
18 HCD-51 (Emission) 48 HCD-61 (Emission)
19 HCD-52 (Life Test) 49 HCD-62 (Life Test)
20 HCD-52 (Emission) 50 HCD-62 (Emission)
21 HCD-53 (Life Test) 51 HCD-63 {Life Test)
22 HCD-53 (Emission) 52 HCD-63 (Emission)
23 HCD-54 (Life Test) 53 HCD-64 (Life Test)
24 HCD-54 (Emission) 54 HCD-64 (Emission)
25 HCD-55 (Life Test) 55 HCD-65 (Life Test)
26 HCD-55 (Emission) 56 HCD-65 (Emission)
27 HCD-55 (Emission) 57 HCD-66 (Life Test)
28 HCD-56 (Life Test) 58 HCD-66 (Emission)
29 HCD-56 (Emission) 59 HCD-66 (Emission)
30 HCD-56 (Emission) 60 HCD-67 (Life Test)
31 HCD-56 (Retest) 61 HCD-67 (Emission)
32 HCD-57 (Life Test) 62 HCD-67 (Emission)
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HCD-3 Cathode (Figure 3): This cathode operated at a temperature
of 950°C and a current level of 6.5 A/cm? out to 6700 hours. Although a
minor decline in emission was noted after a cooling-water stoppage occurred
at this point, the cathode was still operating at 5,75 A/em“ at the 11, 700-
hour mark, After 14,000 hours of operation, emission declined rapidly to
approximately 2 A/cm? at 14, 300 hours, at which point testing was terminated,

HCD-4 Cathode (Figure 4): The HCD-4 cathode has accumulated 16, 500
hours of operation at 800°C, with a constant current density of approximately
0.40 A/cm?. Life testing continues.

HCD-9 Cathode (Figure 5): At 10,450 hours, this cathode was operat-
ing at a current level of 5,15 A/cm? at a temperature of 900°C. Emission
has steadily declined thereafter to approximately 3 A/cm® at 16, 000 hours,
Life testing continues.

HCD-17 Cathode (Figure 6): This cathode differs from the standard
composition in that the tungstates were fired three times while they were
being prepared, instead of the two firings usually employed, After operat-
ing steadily at 900°C at an emission of 1,65 A/cm? out to 10, 000 hours, the
emission increased to 2. 16 A/c.m2 at the 13, 000-hour point, At 15,000
hours, emission still continues stably at the 2. 16 A/cmé level, Life testing
continues,

HCD-25 Cathode (Figure 7): The processing of this cathode deviated
from standard, in that the preactivation step (a 10 minute flash at 1200°C)
was not used, Operating at 950°C, the HCD-25 cathode emitted stably out
to 8500 hours, at which point the test was terminated, Over this interval,
the initial current density of 4 A/cm? declined only slightly to approximately
3.5 A/cm? at end of test, despite a cooling-water deficiency which occurred
at the 3500-hecur point,

HCD-26 Cathode (Figure 8): Originally operating at 950°C and 5 A/cmz,
this cathode continues to exhibit increasing emission, reaching 5.5 A/cm? at
9, 000 hours and 6 A/cm2 at 13,000 hours, Life testing continues.

HCD-32 Cathode (Figure 9): The HCD-32 cathode was placed on oper-
ation at 750°C and a current density of 0,15 A/cmz. This emission has %n-
creased with time, as shown in Figure 9, and is currently at 0,24 A/cm
after logging 12,000 hours. Life testing continues.
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HCD-37 Cathode (Figure 10): This test was one of a series conducted
to determine the lowest stable operating temperature of the standard -mix
cathode., The HCD- 37 cathode was placed on lifz test at 700°C on a emission
density of 0. 05 A/cm?. After an initial drop, emission remained stable at
0.045 A/cm? up to 5200 hours, at which point it was removed from test,

HCD-40 Cathode (Figure 11): The HCD-40 cathode, which contains a
higher zirconium content (0.734 w/o) than the standard mix, began operation
at 650°C and 0.075 A/cm®. Generally stable emission has been maintained
at this level out to th= 1, 000-hour point. Life testing continues.

HCD-47 Cathode (Figure 12): This cathode constituted a special test
involving twice the normal zirconium content, a cornpaction pressure of
78 TSI and 2.5 minutes of sintering. Starting on test at a temperature of
650°C and an emission density of 0.12 A/cm#, this cathode has exhibited
stable emission with time and has currently logged 8000 hours of operation.
A definite improvement ir the low-temperature operation of tungstate
cathodes is in evidence here, through the use of additional zirconium.
Life testing continues.

HCD-49 Cathode (Figure 13): The HCD-49 cathode was identical to
HCD-47 in composition and processing, with the excepiion that a compacting
pressure of 95 TSI was applied in this case., The higher pressure was used
because it has been observed that the denser compacts improve the machin-
ing properties of the cathode. Through evaluations of life versus various
compaction pressures, the optimum cathode density can be ascertained,
Operating at 1050°C, this cathode remained within the range of 13 to 14, 75
A/cm” through 2500 hours, followed by a gradual decline to approximately
9 A/cm® at 3000 hours, at which point he test was terminated.

HCD-50 through HCD-67 Cathodes (Figure 14-62): This group com-
prises the final eighteen cathodes placed on life test during the program.
All of these cathodes contained double the zirconium content (Appendix C!}
employed in the standard mix (Appendix A). Special emphasis was placed
on making them uniform in terms of compos1t1on and processing. Six cath-
odes of this group were started on life at 650° C at a current density of approxi-
mately 0. 050 A/cmz; six were started at 975°C and 8 A/cm®; and six were
started at 1100°C and 30 A/cm?.

It was the initial intent of this portmn of the life test program to ope
ate the second group of six cathodes at 95C °C and at a current density of 8
A/cmz. The first diodes constructed for life test indicated that this emission
level was borderline with the particular batch of emission material prepared
for this test. With the concurrence of the sponsoring :gency, the cathode
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temperature was increased to 975 C for the 8 A/cm  condition. At the
same time, a new batch of emission material was processed, and all eighteen
life test cathodes were made from this new batch.

An examination of the characteristic curves (Figures 14 through 62)
reveals the excellent uniformity existing throughout this group. The initial
emission appeared to be comparable to that obtained from the majority of
the standard composition cathodes. However, in the high-temperature and
high-emission tests (Conditions ""b'" and ''c'"), the cathode emission declined
uniformly with time. Figures 14, 19, 21, 23, 62, and 64 illustrate this for
Condition "b" (8 A/cm?2). Such a decline in emission might be caused by
operating the cathode too close to the knee of the voit/ampere curve (the
point where the emission changes from space-chargc-limited current to
temperature-limited conditions).

This decline in emission with time did not occur in most of the stand-
ard composition cathodes life tested under similar conditions. For example,
iz. reviewing the performance of standard composition cathodes, cathode
number BTA-6, which was operated at a lower temperature of 950°C and
8 A/cmz, exhibit.d a rising emission during the first 800 hours on life, and
in spite of equipment difficulties, remained quite constani: over a 2200-hour
period. Similarly, cathode HCD-2, operating at 8 A/cm ™, but at the higher
temperature of lOOOoC, showed constant emission characteristics over the
first 1800 hours on life, Cathode HCD-3, operating at 950°C, but at a cur-
rent densityof 6.5 A/cmz, had a flat emission characteristic to well past
10, 000 hours. Cathode HCD-14, operating at lOOOoC exhibited a risiag
eruission current from 7.5 A/cm® to 8.5 A/cmz over the first 300 hours on
life. Other life test cathodes -- numbers HCD-15, HCD-25, HCD-26, HCD-
27, HCD-3!, and HCD-23 -- all operating at 9500C, but at lower emission
levels, exhibited either a flat or rising current during the early stages of
life testing.

The decline in emission ezxperienced with the double zirconium cathodes
life teste 1 at llOOOC, 30 A/cm” (Condition "c'') can be seen in the data for
cathodes HCD-58, HCD-60, HCD-63, and HCD-65 (Figures 37, 43, 51 and
55, respectively). Three other cathodes of this group -- HCD-56, HCD-57,
and HCD-59 -- reczcived special aging.in an attempt to stabilize emission at
this high current level. Of these three, cathode HCD-59 alonc exhibited
superior performance and maintained a flat emission character:stic to 800
hours.

B comparison, standard composition cathodes operated under Con-
dition "¢" -- HCD-5, HCD-6, HCD-7, HCD-8, HCD-12, and HCD-2! --
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generally exhibited the flat or rising emission patterns during the early
stages on life test, There was a wider spread in characteristics in this
group, but this spread could be attributed to minor variafions in processing
which were being studied with these cathodes.

This pattern was reversed at very low temperature (Condition "a''),
howev=2r, where the emission of the double zirconium cathodes remained
constant or increased with time, thus providing a high degree of probability
that the extremely long life objective of this program has been met. Al-
though the 500°C target was not attained. the 600°C objective has been
demonstrated in life test diode HCD-51, The remaining seven cathodes
are on lifs test at 650°C. Several of these -- namely, HCD-47, HCD-57,
HCD 61, and HCD-66 -- all have a 0. 0"0 A/cm  emission capability at
600° C, although they are on test at 650°C and at higher current densities.
Two cathodes, HCD-40 and HCD-47, are well beyond 10, 000 hours on life
test with no indication of emission deterioration. Cathodes HCD-51 and
HCD-55 are beyond the 5,000 hour mark with similar stable characteristics.

Further, in preparing the final eighteen life-test cathodes, some evid-
ence was encountered that prolonged uperation at a low temperature _and low
current density contributed to more stable operation at the 30 A/cm” levels
(as shown by the excellent performance of cathode HCD-59, where a pre-
liminary aging of 600 hours at 650°C preceded the high-temperature tests).
Accordingly, cathode HCD-57, which had operated for 1600 hours at 0. 117
A/cm2 at 650° C, was rescheduled to 30 A/ (Condltlon ""¢e"). However,
a power failure of the DC lines to the bui‘dmg at the 100-hour point allowed
the cathode to overheat due to the loss of electron cooling at this high emis-
sion level. A declining emission up to the 250-hour point (as possibly
caused by the overtemperature) made this test inconclusive and the cathode
was again rescheduled to its original condition ("a'"). Although the emission
remained fairly constant during the next 1600 hours, it is only hali that of
the original level of 0.117 Alcm?, indicating that the activity was impaired

during the high current or overtemperature exposure during operation at
1100°C.

Two exceptions to the otherwise consistent pattern of the double zir-
conium cathodes were noted in HCD-48 and HCD-59. HCD-48 was the first
of the double zirconium cathodes operated for any length of time at 30 A/cm?,
This test was made to evaluate the effects of the shorter sintering schedule
used with this composition, HCD-48 had outstanding emission properties,
During the first 250 hours, emission rose from 37 A/cm? to over 46 A/cmz,

and remained at that level to the 500 hour point, where equipment failure
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caused permanent damage to the cathode. In subsequent tests, using the
same materials and processing procedures, the superior emission properties
could not be duplicated.

In summarizing the overall life test results, and in particular the
cathodes containing double zirconium it appears that the extra zirconium in-
creases the low temperature activity and makes nossible the achievement of
goals for Condition "a'", ie., very low temperature, long life, low current
density operation. Although the initial activity of this group of cathodes is
high, as discnssed above, most of these cathodes exhibit a slow but steady
drop in emission versus time under Conditions "b" and "c'". This behavior
is typical of barium oxide on nickel cathodes, where the nickel substrate
contains large amounts of active reducing elements; initial activity is high,
but emission tends to fall more rapidly with time than in cathodes made with
less active nickel.

In spite of the added complications encountered with the cathodes con-
taining the extra zirconium, all eighteen cathodes were processed in sequence,
and all exhibited uniform emission characteristics in test diodes. None of the
cathodes were rejected at any stage of manufacture or processing. This de-
gree of consistency on a small quantity of eighteen suggests that reproduci-
bility should be no problem on a large manufacturing scale.

It was observed that cathodes containing the higher zirconium content
were more susceptible to deterioration by atmospheric moisture after the
sintering. Also, in machining these cathodes it was more difficult to obtain
a smooth and flawless surface. These observations suggest that it might be
profitable to individually adjust cathode composition for every specific cur-
rent density, or other environmental condition, to obtain maxium life. Many

additional life tests are necessary to bracket and document these parameters.

If the factors that contribute to the extremely high activity of cathode
HCD-48 can be identified and duplicated, the usefulness of the tungstate mat-
rix cathode could be upgraded by at least another 50 percent. In spite of
intensive efforts, the reasons for the appeararcc. of the occasional super
cathode have not been isolated. The existence of such cathodes oifers un-
refuted evidence that a potential for additional upgrading of the tungstate
cathode still exists. As a result of the studies conducted during the past two
years, cathodes can now be reliably manufactured to consistently deliver 30
A/cm® emission. Even further progress in cathode pevformance can be
expected with continued research.
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Figure 26 - Irnitial Emission Characteristic of HCD-55
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